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Working memory is a dynamic neural system that includes processes for temporarily 
maintaining and processing information. Working memory plays a significant role in a 
variety of cognitive functions, such as thinking, reasoning, decision-making, and language 
comprehension. Although the prefrontal cortex (PFC) is known to play an important role 
in working memory, several lines of evidence indicate that the thalamic mediodorsal 
nucleus (MD) also participates in this process. While monkeys perform spatial working 
memory tasks, MD neurons exhibit directionally selective delay-period activity, which is 
considered to be a neural correlate for the temporary maintenance of information in PFC 
neurons. Studies have also shown that, while most MD neurons maintain prospective 
motor information, some maintain retrospective sensory information. Thus, the MD plays 
a greater role in prospective motor aspects of working memory processes than the PFC, 
which participates more in retrospective aspects. For the performance of spatial working 
memory tasks, the information provided by a sensory cue needs to be transformed 
into motor information to give an appropriate response. A population vector analysis 
using neural activities revealed that, although the transformation of sensory-to-motor 
information occurred during the delay period in both the PFC and the MD, PFC activities 
maintained sensory information until the late phase of the delay period, while MD 
activities initially represented sensory information but then started to represent motor 
information in the earlier phase of the delay period. These results indicate that long-range 
neural interactions supported by reciprocal connections between the MD and the PFC 
could play an important role in the transformation of maintained information in working 
memory processes. 



Keywords: thalamic mediodorsal nucleus, prefrontal cortex, spatial working memory, delayed-response, 
retrospective information, prospective information 



INTRODUCTION 

Working memory is a dynamic neural system that includes 
neural processes for temporarily maintaining and processing 
information. Working memory is a fundamental neural com- 
ponent for a variety of cognitive functions, such as think- 
ing, reasoning, decision-making, and language comprehension 
(Baddeley and Hitch, 1974; Baddeley, 2000). Therefore, working 
memory is an important concept for understanding the neural 
mechanisms of higher cognitive functions. 

Working memory is an important concept for understanding 
the roles of the dorsolateral prefrontal cortex (DLPFC) in 
a variety of cognitive functions (Goldman-Rakic, 1987; 
Funahashi and Kubota, 1994; Funahashi, 2001; Funahashi 
and Takeda, 2002; Fuster, 2008). Brain imaging studies in human 
subjects have revealed that the DLPFC is activated whenever 
subjects perform behavioral tasks that require working memory 
(Stuss and Knight, 2012). Neuropsychological studies have also 
revealed that damage to the DLPFC impairs the performance 
of working memory tasks in human subjects (Stuss and Levine, 



2002; Stuss et al., 2002). In animal studies, lesion of the DLPFC 
impaired performance in behavioral tasks that included an 
imposed delay period between cue presentation and response 
generation (e.g., delayed-response, delayed alternation, delayed 
matching-to-sample task) (Fuster, 2008). In neurophysiological 
studies, tonic sustained excitatory activity during the delay 
period (delay-period activity) has been observed in DLPFC 
neurons while monkeys performed behavioral tasks with a delay 
(Funahashi et al., 1989). These findings support the notion 
that the DLPFC plays an essential role in working memory 
processes. 

However, the DLPFC is not the only brain area that partic- 
ipates in working memory processes. Neurophysiological stud- 
ies using monkeys have shown that neurons in the parietal 
cortex (Gnadt and Andersen, 1988; Chafee and Goldman-Rakic, 
1998), the temporal cortex (Fuster and Jervey, 1982; Miller et al, 
1991, 1993), and the basal ganglia (Hikosaka and Sakamoto, 1986; 
Hikosaka et al., 1989) exhibit tonic sustained excitatory activity 
during the delay period. All of these brain areas have anatomical 
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connections to the DLPFC (Selemon and Goldman-Rakic, 1988; 
Fuster, 2008). Therefore, these brain areas also play important 
roles in working memory and might construct neural circuitries 
for working memory with the DLPFC. 

The mediodorsal nucleus (MD) of the thalamus MD also 
has strong reciprocal connections with the prefrontal cortex 
(PFC) (Kievit and Kuypers, 1977; Goldman-Rakic and Porrino, 
1985; Giguere and Goldman-Rakic, 1988; Ray and Price, 1993). 
Since the thalamus is the major relay structure that provides 
information to the cerebral cortex, it has been described as a 
gateway to the cortex (Sherman and Guillery, 2006). However, 
recent studies have indicated that, not only is the thalamus the 
gateway to the cerebral cortex, it also significantly contributes 
to cognitive functions. In fact, several lines of physiological evi- 
dence indicate that the MD participates in working memory 
processes in monkey experiments (Fuster and Alexander, 1971, 
1973; KubotaetaL, 1972; Tanibuchi and Goldman-Rakic, 2003). 
The experiment using rats also indicates that the MD participates 
in cognitive functions, such as prefrontal-dependent cognitive 
behaviors (Parnaudeau et al., 2013). 

In this article, I will focus on the participation of the thalamus 
in cognitive functions. To demonstrate the importance of the 
thalamus in cognitive functions, I focus on working memory as 
an example of cognitive functions and the MD as a thalamic 
nucleus, and explain how the MD contributes to working memory 
processes. To explain the contribution of the MD to working 
memory, related findings obtained in prefrontal studies are help- 
ful. Therefore, I will first explain findings regarding the neural 
mechanisms of working memory in the PFC, then explain the 
neural mechanisms of working memory in the MD, and finally 
consider the functions of the MD in a model of working memory. 

WORKING MEMORY PROCESSES IN THE DORSOLATERAL 

PREFRONTAL CORTEX 

MECHANISMS OF SPATIAL WORKING MEMORY 

IN THE DORSOLATERAL PREFRONTAL CORTEX 

Since Goldman-Rakic (1987) proposed that working memory 
is an important concept for understanding the functions of 
the DLPFC in both humans and animals, the importance of 
the DLPFC in working memory has been demonstrated in a 
variety of experiments including lesion studies (see reviews 
by Goldman-Rakic, 1987; Petrides, 1994; Fuster, 2008), brain 
imaging studies using human subjects (see Stuss and Knight, 
2012), and neurophysiological studies using non-human primates 
(see reviews by Funahashi and Kubota, 1994; Goldman-Rakic, 
1998; Funahashi and Takeda, 2002; Fuster, 2008). Neuro- 
physiological studies have shown that many neurons in the 
DLPFC exhibit tonic sustained activation during the delay period 
(delay-period activity) while monkeys performed spatial working 
memory tasks (Fuster, 1973; Niki, 1974; Niki and Watanabe, 
1976; Kojima and Goldman-Rakic, 1984; Joseph and Barone, 
1987; Funahashi et al, 1989; Hasegawa et al, 1998). Delay-period 
activity has been shown to have several important features 
regarding the neural mechanisms of working memory. First, 
the duration of delay-period activity can be prolonged or 
shortened depending on the length of the delay period (Fuster, 
1973; Kojima and Goldman-Rakic, 1984; Funahashi et al, 1989). 
Second, this activity is observed only when monkeys perform 



correct behavioral responses (Fuster and Alexander, 1973; 
Funahashi et al., 1989). When the monkey made an error, 
delay-period activity was either truncated or not observed in 
that trial. Third, a great majority of delay-period activity exhibits 
a directional or positional preference (Funahashi et al., 1989), 
such that delay-period activity was observed only when a visual 
cue was presented at a particular area in the visual field. Many 
DLPFC neurons exhibited directional delay-period activity, and 
the preferred direction of this activity differed from neuron 
to neuron. Therefore, it has been proposed that neurons that 
exhibit directional delay-period activity have mnemonic receptive 
fields (memory fields) in the visual field (Funahashi et al., 1989; 
Rainer et al., 1998), analogous to visual receptive fields. Fourth, 
with the use of a delayed pro- and anti-saccade task, it has been 
shown that the great majority (about 70%) of delay-period 
activity represented information regarding the position of the 
visual cue (retrospective information), whereas the minority 
(about 30%) represented information regarding the direction of 
the saccade (prospective information) (Funahashi et al., 1993). 
Takeda and Funahashi (2002) used a conventional oculomotor 
delayed-response (ODR) task and a modified version (R-ODR 
task). In the ODR task, monkeys were required to make a saccade 
toward the direction of the visual cue after the delay, whereas in 
the R-ODR task, monkeys were required to make a saccade 90° 
clockwise from the direction of the visual cue. They compared 
the best directions of delay-period activity between these two task 
conditions. If the best directions of delay-period activity were 
the same in these two conditions, delay-period activity would 
encode the direction of the visual cue, since the best direction was 
depicted using the direction of the visual cue in their experiments. 
However, if the best directions of delay-period activity showed a 
90° difference, delay-period activity would encode the direction 
of the saccade. They found that a great majority of delay-period 
activity (86%) encoded the direction of the visual cue, while a 
minority (13%) encoded the direction of the saccade. Similarly, 
Niki and Watanabe (1976) used a manual delayed-response 
task and a conditional position task, and reported that 70% 
and 30% of DLPFC neurons represented the spatial position of 
the visual cue and the direction of the response, respectively. 
Thus, delay-period activity represents either retrospective or 
prospective information, although most delay-period activity 
represents retrospective information in the DLPFC. Based on 
these observations, delay-period activity has been considered to 
be a neural correlate of temporary information-storage processes 
(Goldman-Rakic, 1987; Funahashi and Kubota, 1994; Miller, 
2000; Funahashi, 2001; Funahashi and Takeda, 2002; Fuster, 
2008). 

Although the above observations were obtained using 
spatial working memory tasks, experiments with non-spatial 
working memory tasks (e.g., delayed matching-to-sample 
tasks and delayed conditional tasks) have also revealed that 
delay-period activity represents the active retention of non- 
spatial information, such as object shapes, patterns, or colors 
(Sakagami and Niki, 1994; Miller et al., 1996; Rao et al., 1997; 
AsaadetaL, 1998; Rainer et al., 1999; Freedman et al, 2002). 
In addition, Romo et al. (1999) showed that differences in 
somatosensory information (e.g., frequency of mechanical 
vibrations) were encoded by the difference in the magnitude of 
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delay-period activity in DLPFC neurons. Further, delay-period 
activity has been shown to encode reward information and 
to be affected by the preference for the reward (Watanabe, 
1996; Hikosaka and Watanabe, 2000; Kobayashi et al, 2002; 
Wallis and Miller, 2003). These results indicate that delay- 
period activity can represent not only spatial information 
but also non-spatial information, and confirm that delay- 
period activity observed in the DLPFC is a neural correlate 
of the mechanism for temporarily maintaining a variety of 
information (Funahashi and Kubota, 1994; Goldman-Rakic, 
1998; Miller, 2000; Funahashi, 2001; Funahashi and Takeda, 
2002; Fuster, 2008). Neurons with various task- related 
activities and neurons that exhibited various spatial and 
non-spatial features in task-related activity were distributed 
widely throughout the DLPFC with substantial overlap 
(Carlson et al., 1997; Quintana and Fuster, 1999; Rainer et al., 
1999; Sakagami and Tsutsui, 1999). In addition, several neurons 
exhibited delay-period activity in both spatial and non-spatial 
working memory tasks (Rao et al., 1997). Therefore, neurons in 
the DLPFC can maintain various types of information as tonic 
sustained delay-period activity. Since each neuron exhibits a 
different preference for information and maintains it as delay- 
period activity, different information can be encoded by different 
groups of DLPFC neurons. 

INFORMATION PROCESSING IN THE DORSOLATERAL PREFRONTAL 
CORTEX DURING SPATIAL WORKING MEMORY PROCESSES 

Information processing in working memory can be considered 
as altering or transforming temporarily stored information in an 
appropriate way for accomplishing a particular purpose. There- 
fore, information processing could be achieved by dynamical and 
flexible functional interactions among mechanisms for temporar- 
ily storing information. Neurophysiological studies have provided 
evidence for the alteration or transformation of information by 
functional interactions among DLPFC neurons. Several stud- 
ies have shown that the information represented by prefrontal 
activity changes as the task progresses. For example, in a paired 
association task with a delay, prefrontal activity represented the 
characteristics of the sample stimuli (sensory-related retrospec- 
tive coding) in the early phase of the delay period, but began 
to represent the characteristics of anticipated targets (prospec- 
tive coding) toward the end of the delay period (Rainer et al., 
1999). Similarly, in a spatial delayed matching-to-sample task, 
spatial information was broadly tuned by delay-period activ- 
ity in the early phase of the delay period. However, the pro- 
portion of neurons that exhibited sharper spatial tuning and 
high spatial discriminability increased in the later phase of the 
delay period (Sawaguchi and Yamane, 1999). Further, Asaad et al. 
(1998) showed that neural activity conveyed the direction of an 
impending eye movement progressively earlier along successive 
trials while monkeys performed arbitrary cue-response associa- 
tion tasks. Quintana and Fuster (1999) observed neurons attuned 
to the cue color and neurons attuned to the response directions 
while monkeys performed working memory tasks using color 
cues. They found that the discharge of neurons attuned to the cue 
color gradually diminished during the delay period, whereas the 
discharge of neurons attuned to the response directions gradually 



increased. All of these results indicate that the alteration of the 
neuron's discharge rate as the delay period progresses reflects the 
alteration of the information represented by the neuron. Thus, 
the temporal change in firing patterns observed in a population 
of neurons could reflect the progress of information processing 
during the delay period. 

Takeda and Funahashi (2004) used a population vector analy- 
sis and demonstrated a temporal change in the preferred direc- 
tion encoded by a population of DLPFC neurons as the delay 
period progressed in two ODR tasks (ODR and R-ODR tasks). 
In the ODR task, the monkey was required to make a saccade 
to the direction where the visual cue was presented, whereas 
in the R-ODR task the monkey was required to make a sac- 
cade 90° clockwise from the direction where the visual cue was 
presented. Takeda and Funahashi (2002) indicated two groups of 
DLPFC neurons with delay-period activity that encoded either 
the direction of the visual cue or the direction of the saccade, 
respectively. In the ODR task, since the direction of the visual cue 
is the same as the direction of the saccade, the preferred direction 
encoded by a population of DLPFC neurons would be maintained 
throughout the delay period. However, in the R-ODR task, the 
direction of the saccade is 90° clockwise from the direction of 
the visual cue. Therefore, the preferred direction encoded by a 
population of DLPFC neurons would change from the direction 
of the visual cue to the direction of the saccade during the delay 
period. 

Figure 1-A1 shows population vectors calculated from a 
population of DLPFC activities in the 180° trial of the ODR 
task. Since the direction of the visual cue and the direction of 
the saccade were the same in the ODR task, population vectors 
were mostly directed toward the 180° direction. Figure 1-B1 
shows temporal changes in the directions of population vectors 
across all four conditions and confirms that the directions of the 
population vectors are the same as the direction of the visual 
cues and are maintained during the delay period. Figure 1-A2 
shows population vectors calculated for a population of DLPFC 
activities in the 180° trial of the R-ODR task. In this trial, the 
visual cue was presented at the 180° direction but the correct 
saccade was in the 90° direction. Population vectors were directed 
toward the 180° direction at the beginning of the delay period. 
However, the population vectors began to rotate in the middle 
of the delay period, continued to rotate slowly from the 180° 
direction to the 90° direction during the late half of the delay 
period, and were eventually directed toward the 90° direction at 
the response period (see Figure 1-B2). These results indicate that 
the information represented by a population of DLPFC activities 
changes from sensory information to motor information during 
the delay period, since the initial information is provided by 
sensory cues and must be transformed into motor information 
in these behavioral tasks. A population vector analysis can 
visualize the process for this transformation of information. 
Fuster (2008) stated that the delay period is the period for cross- 
temporal bridging when the transformation of sensory-to-motor 
information occurs, which is a dynamic process for the internal 
transfer of information as well as a process of cross-temporal 
matching. The present result indicates that the DLPFC plays a 
significant role in mediating the cross-temporal contingency. This 
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FIGURE 1 | Temporal changes in the directions of population vectors in 
prefrontal neurons (A and B) and MD neurons (C). (Al) Temporal changes 
in the directions of population vectors during the 180° trial of the ODR task. 
Most population vectors were directed toward the 180° direction. (A2) 
Temporal changes in the directions of population vectors during the 180° trial 
of the R-ODR task. The direction of the population vector gradually rotated 
from the 180° direction to the 90° direction during the delay period. (B1) The 
difference between the vector direction and the cue direction during the ODR 
trial. The population vector was directed toward the cue direction during the 
delay period. (B2) The difference between the vector direction and the cue 



direction during the R-ODR trial. The direction of the population vector 
gradually rotated from the cue direction to the saccade direction during the 
delay period. The timing of the change was start at 1.5 s after the start of the 
delay period (adapted from Takeda and Funahashi (2004)). (CI) Temporal 
changes in the differences between the directions of population vectors and 
the direction of the visual cue in the R-ODR task for MD neurons. The 
direction of the population vector rotated from the cue direction to the 
saccade direction during the delay period, similar as prefrontal neurons. 
However, the timing of the change was start at 0.5 s after the start of the 
delay period (Adapted from Watanabe et al. (2009)). 
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result also indicates that DLPFC neurons contribute significantly 
to dynamic neural processes for internal information transfer. 

IMPORTANCE OF FUNCTIONAL INTERACTION IN WORKING MEMORY 
IN THE DORSOLATERAL PREFRONTAL CORTEX 

When we consider the neural mechanism of information pro- 
cesses in working memory, the essential components must be 
dynamic and flexible functional interactions among neurons 
that exhibit different task-related activities, different types of 
activity, and different directional selectivity. In the DLPFC, 
Wilson et al. ( 1 994) showed that the types of responses (excitatory 
or inhibitory) of pyramidal neurons were often opposite those of 
non-pyramidal neurons (e.g., when pyramidal neurons exhibited 
an excitatory response, non-pyramidal neurons often exhibited 
an inhibitory response). They also showed that the timing of 
excitatory and inhibitory responses appears to be anti-phased 
between pyramidal and non-pyramidal neurons. These results 
indicate the presence of functional interactions between pyrami- 
dal and non-pyramidal neurons in the DLPFC. Further, Rao et al. 

( 1 999) found inhibitory interactions between a pyramidal neuron 
and an adjacent non-pyramidal interneuron by cross-correlation 
analyses of neuronal firing in the DLPFC. Funahashi and Inoue 

(2000) also examined functional interactions between task- 
related DLPFC neurons by cross-correlation analyses. When both 
neurons of examined pairs exhibited delay-period activity, these 
neurons tended to have excitatory interactions and showed similar 
directional preferences. An examination of the temporal change 
in the strength of correlated firings revealed that functional inter- 
actions between task-related neurons with different directional 
preferences increased as the trial progressed. These observations 
suggest that the information represented by a population of 
neurons that exhibits directional delay-period activity gradually 
transforms into other types of information by these functional 
interactions, as indicated by a population vector analysis with a 
population of DLPFC activities. 

The magnitude of activity of each neuron changes depending 
on the trial conditions, the temporal context of the trial, and 
the trial events. Therefore, the strength of functional interactions 
could change depending on the trial conditions or the temporal 
context of the trial. In fact, the strength of the cross-correlation 
calculated from the activities of two neurons recorded simulta- 
neously changed dynamically depending on the cue conditions. 
Thus, dynamic and flexible changes in functional interactions 
among neurons are important components of neural mechanisms 
of information processing. 

WORKING MEMORY PROCESSES IN THE THALAMIC 
MEDIODORSAL NUCLEUS 

THE MEDIODORSAL NUCLEUS AND WORKING MEMORY 

The thalamus consists of several thalamic nuclei, each of which 
has reciprocal connections with specific regions of the cerebral 
cortex. The MD is a major thalamic nucleus and is located at 
the midline of the thalamus. An important feature of the MD 
is that it has strong reciprocal connections, mainly to the PFC. 
Therefore, the MD could also play significant roles in a variety 
of higher cognitive functions in which the PFC participates, 
including working memory. 



Animal studies have shown that the MD participates in work- 
ing memory processes. Lesion of the monkey MD has been shown 
to impair performance in working memory tasks. For example, 
Isseroff et al. (1982) found that lesions in the monkey MD were 
associated with impairment in a spatial delayed alternation task 
and a delayed-response task, while there was no impairment in an 
object reversal task or a visual pattern discrimination task. Since 
spatial working memory capacity is required for the former two 
tasks, but not for the latter two tasks, they concluded that lesion 
of the MD impaired spatial working memory capacity. Lesion 
of the monkey MD also impaired performance in non-spatial 
working memory tasks including a delayed matching-to-sample 
task (Aggleton and Mishkin, 1983a,b; Parker et al, 1997) and a 
delayed non-matching-to-sample task (Zola-Morgan and Squire, 
1985). Alexander and Fuster (1973) examined functional interac- 
tions between the DLPFC and the MD by cooling of the DLPFC 
in monkeys and found that the activities of most (63%) MD 
neurons were affected by cooling of the DLPFC. The cooling 
effects observed in MD neurons included the attenuation of 
delay-period activity, shortening of the duration of delay-period 
activity, and the inhibition of delay-period activity. 

The human MD has also been shown to participate in working 
memory. Damage to the medial thalamus including the MD often 
produces syndromes similar to "prefrontal syndromes" in humans 
(Daum and Ackermann, 1994; Van der Werf et al., 2000, 2003). 
The impairment of executive function is a major symptom of 
"prefrontal syndromes" (see Stuss and Benson, 1986). Working 
memory is a fundamental neural process of executive function 
(Funahashi, 2001). Therefore, the impairment of executive func- 
tion due to damage to the medial thalamus could be caused by the 
impairment of working memory. For example, Van der Werf et al. 
(2003) used four neuropsychological tests (Wisconsin card sort- 
ing test, Tower of London test, verbal category fluency test, and 
Stroop test) to assess executive function in 22 patients with 
thalamic infarction. They found that patients with damage in the 
MD exhibited impaired performance in all of these neuropsy- 
chological tests. Since all of these tests require working memory 
capacity, this result indicates that the human MD also participates 
in working memory. Zoppelt et al. (2003) also examined the rela- 
tion between dysfunction of executive ability and the anatomical 
locus of the damaged area in the thalamus. For patients with 
thalamic infarction, the anatomical locus of the damaged area 
was identified by MRI. Among five patients with damage in the 
MD, two had damage predominantly in the medial MD and three 
had damage predominantly in the lateral MD. The capacity of 
executive function was assessed by the Stroop test, a verbal fluency 
task, and digit span tests (forward and backward reproduction). 
They found that patients with damage in the lateral MD exhib- 
ited more severe impairment in digit span tests with backward 
reproduction and in the phonemic condition of the verbal fluency 
test, whereas patients with damage in the medial MD did not 
exhibit impairment in these tests. These results indicate that the 
lateral MD is important for executive function. They also showed 
that, although patients with MD damage showed impaired mem- 
ory processes such as recollection and familiarity, these mem- 
ory impairments were more apparent when the damaged area 
included the medial MD. Anatomical studies have shown that 
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FIGURE 2 | Comparison of the characteristics of task-related activity 
between MD neurons and DLPFC neurons. (A) A comparison of the 
proportion of task-related activity between the MD and DLPFC. (B) A 
comparison of the proportion of pre- and post-saccadic activity between the 
MD and DLPFC. The data regarding DLPFC neurons and MD neurons are 
based on data obtained by Funahashi et al. (1989, 1990, 1991) and 
Watanabe and Funahashi (2004a), respectively. 



the lateral MD has anatomical connections mainly with the 
DLPFC, whereas the medial MD has anatomical connections 
mainly with the orbitofrontal cortex (Kievit and Kuypers, 1977; 
Goldman-Rakic and Porrino, 1985; Giguere and Goldman-Rakic, 
1988). Thus, the participation of the MD in cognitive func- 
tions seems to depend on its anatomical relations to the PFC 
(Rovo et al., 2012). Since the lateral MD has anatomical connec- 
tions with the DLPFC and since the DLPFC participates in work- 
ing memory processes, the lateral MD could play an important 
role in executive functions and working memory. 

Functional brain imaging studies have also demonstrated 
that the human MD participates in working memory pro- 
cesses. Activation of the human MD has been observed while 
subjects performed working memory tasks, such as delayed 
matching-to-sample tasks and delayed non-matching-to-sample 
tasks (Elliott and Dolan, 1999; de Zubicaray et al., 2001). In addi- 
tion to the temporary maintenance of information in working 
memory, Monchi etal. (2001) showed that the MD participated 
in other aspects of information processing. They asked human 
subjects to perform the Wisconsin card sorting test and control 
tasks and examined thalamic activation using fMRI. They found 
that the MD was activated when the subjects received negative 
feedback. In the Wisconsin card sorting test, negative feedback 
signals the subject to shift the category for selection from that 
used in the preceding trial to a new one. Thus, the MD participates 
not only in the temporary maintenance of information but also in 
information processing, such as in the replacement of the content 
of working memory (current category) with new information 
(new category). 

NEURAL ACTIVITY RELATED TO WORKING MEMORY IN THE 
MEDIODORSAL NUCLEUS 

Neurophysiological studies with monkeys have demonstrated 
neural activity that was related to working memory, such as delay- 
period activity, in the MD. Fuster and Alexander (1971, 1973) first 
showed that about half of the recorded MD neurons exhibited 
sustained excitatory activity during the delay period (delay- 
period activity) while monkeys performed a delayed-response 
task. Watanabe and Funahashi (2004a) analyzed the character- 
istics of task-related activity of MD neurons while monkeys 
performed an ODR task. Since the same ODR task had been 
used to examine the neural mechanisms of working memory 
processes in the DLPFC (Funahashi et al, 1989, 1990, 1991, 1993; 
Takeda and Funahashi, 2002), it would be worthwhile to compare 
the characteristics of neural activities recorded using the same 
task in the MD and the DLPFC. Among recorded MD neurons, 
26%, 53%, and 84% exhibited cue-, delay-, and response-period 
activity, respectively. Comparison of these values between the MD 
and the DLPFC indicated that more neurons exhibited response- 
period activity in the MD than in the DLPFC (Figure 2A). Among 
MD neurons with response-period activity, 74% showed pre- 
saccadic activity, while the remaining 26% showed post-saccadic 
activity. In contrast, a great majority (78%) of response-period 
activity was post-saccadic in the DLPFC (Figure 2B). Thus, the 
percentage of neurons with pre- or post-saccadic activity is an 
important difference in the functional characteristics of the MD 
and the DLPFC. 



Task-related activity observed in the ODR task showed 
directional selectivity in MD neurons. For example, all cue- 
period activity, 76% of delay-period activity, and 64% of 
response-period activity showed directional selectivity. A sim- 
ilar directional selectivity of MD neurons was reported by 
Tanibuchi and Goldman-Rakic (2003). Among response-period 
activities, 78% of pre-saccadic activity and 26% of post-saccadic 
activity was directionally selective (Watanabe and Funahashi, 
2004a). The proportion of directionally selective task-related 
activity was similar in the MD and the DLPFC (Funahashi et al., 
1989, 1990, 1991; Takeda and Funahashi, 2002). Most task-related 
activity showed directional selectivity in both MD and DLPFC 
neurons. 

Since most task-related activity exhibited directional selec- 
tivity, we could determine a preferred direction for each 
task-related activity based on a tuning curve constructed by 
recorded neural activities. In MD neurons, statistically significant 
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contralateral bias in preferred directions was present in both 
cue-period activity and pre-saccadic activity, while significant 
contralateral bias was not observed in delay-period activity and 
most post-saccadic activity exhibited omni-directional selectiv- 
ity (Watanabe and Funahashi, 2004a). In contrast, in DLPFC 
neurons, a statistically significant contralateral bias of preferred 
directions was observed in cue-period activity, delay-period activ- 
ity, and pre-saccadic activity, while significant contralateral bias 
was not observed in post-saccadic activity (Funahashi et al., 1989, 
1990, 1991; Takeda and Funahashi, 2002). 

These results indicate that, while monkeys performed the ODR 
task, similar types of task-related activity were observed in similar 
proportions in the MD and the DLPFC. Directional delay-period 
activity was observed in the MD with similar characteristics and 
a similar proportion as in the DLPFC. Therefore, these findings 
strongly support the idea that the MD participates in spatial 
working memory processes. However, the MD and the DLPFC 
also show some differences, especially in response-period activity. 
Response-period activity was more frequently observed in the 
MD (84%) than in the DLPFC (56%), and the proportion of 
pre-saccadic activity in the MD (74%) was greater than that in 
the DLPFC (22%). Thus, although the MD and the DLPFC both 
participate in working memory processes, the MD contributes 
more to prospective aspects of working memory processes, such 
as motor or response preparation, compared to the DLPFC, 
which contributes more to retrospective aspects, such as sensory 
processes. 

REPRESENTATION OF INFORMATION IN THE ACTIVITY OF 
MEDIODORSAL NUCLEUS NEURONS 

Somewhat different contributions to working memory processes 
in the MD and the DLPFC are also observed when we examine 
the type of information that is encoded by delay-period activity. 
Watanabe and Funahashi (2004b) used the same ODR tasks as 
Takeda and Funahashi (2002) and examined the type of informa- 
tion encoded by the delay-period activity of MD neurons. They 
found that 56% of delay-period activity encoded the direction of 
the visual cue, while 41% encoded the direction of the saccade. 
Thus, more delay-period activity encoded the direction of the 
saccade in MD neurons than in DLPFC neurons. Together with 
the finding that more MD neurons exhibited response-period 
activity and most response-period activity showed pre-saccadic 
activity in the MD, these results support the idea that the MD 
participates more in motor aspects of working memory processes 
than the DLPFC and might provide impending motor informa- 
tion (prospective information) to the DLPFC. 

POPULATION VECTOR ANALYSIS USING MEDIODORSAL NUCLEUS 
NEURAL ACTIVITIES 

A population vector analysis was applied to MD activities to 
visualize information processes in the MD while monkeys 
performed spatial working memory tasks (ODR and R-ODR 
tasks) (Watanabe et al., 2009). After the authors confirmed that 
population vectors constructed by a population of cue- and 
response-period activities correctly represented information 
regarding the directions of the visual cue and the saccade, 
respectively, they calculated population vectors of MD activities 



during a 250 ms window which slid in 50 ms steps from the 
onset of the visual cue until 500 ms after the initiation of the 
response period (Figure 1-C1). In the ODR task, the directions of 
population vectors were maintained mostly toward the direction 
of the visual cue throughout the entire delay period. In the 
R-ODR task, the direction of the population vector was initially 
in the direction of the visual cue, then began to rotate toward the 
direction of the saccade in the early phase of the delay period, and 
gradually pointed toward the direction of the saccade as the trial 
progressed. These results indicate that the transformation from 
visual information to saccade information occurs during the 
delay period in the MD. In addition, comparison of the temporal 
change in the directions of population vectors of DLPFC neurons 
and MD neurons revealed that the rotation of the population 
vector started earlier in the MD than in the DLPFC (Figure 1). In 
addition, as we considered previously, more delay-period activity 
encoded the direction of the saccade and more response-period 
activity exhibited pre-saccadic activity in the MD compared with 
the DLPFC. These results indicate that the MD might be the 
major brain area that provides information regarding impending 
motor information to the DLPFC. 

THE MEDIODORSAL NUCLEUS AND MOTOR ASPECTS OF 
INFORMATION PROCESSING 

Although the MD participates in cognitive functions such as 
working memory, other results also support the idea that the 
MD contributes more to motor aspects rather than sensory 
aspects. For example, Sommer and Wurtz (2004) examined 
neural signals conveyed through an ascending pathway from 
the superior colliculus (SC) to the frontal eye field (FEF) via 
the MD. They used antidromic and orthodromic responses 
generated by electrical stimulation of the FEF to identify relay 
neurons in the MD. They examined the nature of the information 
that was transferred from the SC to the FEF while monkeys 
performed delayed-saccade tasks. They found that, although 
the SC sent visual as well as saccade signals to the FEF via 
the MD, pre-saccadic activity was prominent in MD relay 
neurons. Based on these and other results, they hypothesized 
that a major signal conveyed by the ascending pathway to 
the FEF is the corollary discharge that represents information 
regarding the direction and amplitude of an impending saccade 
(Sommer and Wurtz, 2002, 2004). In addition to the SC, the 
basal ganglia also project to the thalamus, including the MD, and 
provide information regarding saccades (Hikosaka et al., 2000). 
For example, an anatomical study by Ilinsky et al. (1985) showed 
that the substantia nigra has wide projections to the whole area of 
the MD. It has been known that neurons in the substantia nigra 
exhibit saccade-related activity (Hikosaka and Wurtz, 1983). 
High frequency tonic activity observed in the substantia nigra 
has inhibitory effect to thalamic neurons and this tonic activity 
temporarily suppresses thalamic activity in relation to the saccade 
performance. Therefore, thalamic neurons are disinhibited 
during saccade performance. Thus, activity of thalamic neurons 
is controlled by movement-related inputs from the basal ganglia. 

Based on a comparison of the best directions of delay-period 
activity in the ODR and R-ODR tasks, most MD neurons 
encoded impending saccade information in delay-period activity. 
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A population vector analysis revealed that impending saccade 
information was generated in the earlier phase of the delay period 
in the MD, while the same information was generated in the 
later phase of the delay period in the DLPFC. More pre-saccadic 
activity was observed in the MD than in the DLPFC. In addition, 
the MD received corollary discharge that represented information 
regarding the direction and amplitude of an impending saccade 
from the SC and sent this signal to the PFC. These results 
indicate that the MD is one of the brain structures that provide 
forthcoming motor information (prospective information) to the 
DLPFC. While we do not yet fully understand how prospective 
motor information is generated and which brain structures 
provide prospective motor information to the MD, the SC 
is one of these structures. Retrospective sensory information 
maintained in the DLPFC may also play a role to produce 
prospective motor information in the MD. Further studies are 
needed to understand how prospective motor information is 
generated and which brain areas participate in this process. 

CONTRIBUTIONS OF THE MEDIODORSAL NUCLEUS TO 
SPATIAL WORKING MEMORY PROCESSES IN THE DLPFC 

We previously proposed neural components to explain spatial 
working memory processes based on our findings obtained from 
neurophysiological studies in the DLPFC (Funahashi, 2001). We 
hypothesized the presence of four basic neural components to 
execute working memory. These include a neural process for 
selecting appropriate information (selection process), a neural 
process for temporarily storing information (temporary storage 
process), a neural process for providing stored information to 
other neural systems (output process), and a neural process for 
appropriately processing the information (operation process). 
Working memory is defined as a system that includes both 
the temporary maintenance of and processing of information. 
Therefore, the temporary storage and operation processes are 
considered to be essential neural components of working mem- 
ory. In addition to these neural components, the neural process 
for temporarily storing information can receive various kinds of 
information, including sensory, motor, motivational, emotional, 
cognitive, and perhaps somatic information. However, necessary 
and important information for executing the current task or 
achieving the current goal needs to be selected from among 
these varieties of information. Therefore, the neural process for 
working memory must include a neural process for selecting 
appropriate information from a variety of sources. In addition, 
stored and processed information should be used to perform 
the current task. For this purpose, the neural process for work- 
ing memory must have a neural process to provide stored and 
processed information to other neural systems. Thus, when we 
consider a physiologically plausible model of working memory, 
the model should include at least these four neural processes. 

We proposed four neural processes to explain how working 
memory function is executed in the DLPFC. However, it is 
hard to imagine how information processing could be a distinct 
neural component. Therefore, we hypothesize that information 
processing can be explained as a variety of functional interactions 
among temporary storage processes. The presence of various 
functional interactions among DLPFC neurons has been shown 



by neurophysiological studies. For example, excitatory as well as 
inhibitory interactions have been observed among task-related 
DLPFC neurons by a cross-correlation analysis of simultaneously 
recorded pairs of single-neuron activities (Funahashi and Inoue, 
2000; Constantinidis et al., 2001). Dynamic and flexible interac- 
tions among neurons that depend on the progress of the trial have 
also been observed in the DLPFC by an analysis that used joint 
peri-stimulus time histograms (Vaadia et al., 1995; Funahashi, 
2001; Tsujimoto et al., 2008). Thus, dynamic and flexible inter- 
actions among neural processes, especially among temporary 
storage processes, could play an essential role in information 
processing in working memory. 

To further understand the mechanism of information pro- 
cessing in the DLPFC, we estimated information flow among 
DLPFC neurons during spatial working memory performance. 
Individual DLPFC neurons exhibit one or more task-related 
activities. Based on the temporal pattern of neuron activity, we 
could determine what task-related activity each DLPFC neuron 
exhibited, what information {cue direction or saccade direction) 
each task-related activity represented, and the preferred direc- 
tion of each task-related activity for each neuron. While mon- 
keys performed ODR tasks, DLPFC neurons exhibit task-related 
activities, such as cue- (C), delay- (D), or response-period (R) 
activity, or their combinations (C&D, C&R, D&R, or C&D&R). 
Takeda and Funahashi (2007) classified recorded neurons into 
nine groups based on which task-related activity the neuron 
exhibited and what information {cue direction or saccade direc- 
tion) each task-related activity represented (C, Dcue, Dsac, CDcue, 
DcueRcue, DsacRsac, DcueRsac, CDcueRcue and CDcueRsac) 
(Figure 3). Preferred directions were compared between task- 
related activities in the same DLPFC neuron or in two different 
neurons. In groups of neurons that exhibited CDcue, CDcueRcue, 
and CDcweRsac activities, both cue- and delay-period activities 
represented the direction of the visual cue, suggesting that the 
directional selectivity of delay-period activity is affected by the 
directional selectivity of cue-period activity for these neurons. 
In groups of neurons that exhibited DcueRcue, CDcueRcue, and 
DsacRsac activities, both delay- and response-period activities 
represented either the direction of the visual cue {DcueRcue and 
CDcueRcue) or the direction of the saccade (DsacRsac), suggesting 
that the directional selectivity of delay-period activity affects 
the directional selectivity of response-period activity in these 
neurons. The temporal profiles of delay-period activity suggest 
that directional cue-period activity of C, CDcue, and CDcueRcue 
groups contributes to the initiation of directional delay-period 
activity of CDcue, CDcueRcue, Dcue, and DcueRcue groups and 
that directional delay-period activity of Dsac and DsacRsac groups 
affects directional saccade-related activity of DsacRsac. Thus, 
while monkeys performed ODR tasks, information flow from 
neurons that exhibit directional cue-period activity to neurons 
that exhibit directional saccade-related activity is present in the 
DLPFC through neurons that exhibit directional delay-period 
activity. During this information flow, visual information is grad- 
ually transformed into motor information. 

As we mentioned above, all neurons with only cue-period 
activity represent visual information and most neurons with 
only response-period activity represent motor information in the 
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FIGURE 3 | Schematic drawings of the temporal profiles of activity for 
six groups (Dcue, Dsac, CD cue, DcueRcue, DsacRsac, and CDcueRcue) 
of DLPFC neurons (adapted from Takeda and Funahashi (2007)). 



DLPFC. Therefore, based on these observations, an outline of 
the possible information flow during spatial working memory 
performance in the DLPFC is shown in Figure 4. Visual inputs 
first activate DLPFC neurons that only have cue-period activity 
(Ccue). This activation is transferred to DLPFC neurons that 
have both cue- and delay-period activity (CcueDcue) and then 
to DLPFC neurons that have only delay-period activity (Dcue). 
Since all of these DLPFC neurons receive visual inputs, both 
cue- and delay-period activities represent visual information. 
However, during the delay period, prospective motor informa- 
tion is generated and this information is maintained in DLPFC 
neurons that only have delay-period activity (Dresp). This infor- 
mation is transferred to DLPFC neurons with both delay- and 
response-period activities (DrespRresp) and then to DLPFC neu- 
rons with only response-period activity (Rresp). A comparison 
of the directional selectivity of delay-period activity between 
the ODR and R-ODR tasks revealed that delay-period activity 
encoded either visual information or saccade information in the 
DLPFC. No delay-period activity encoded both visual and saccade 
information simultaneously. Therefore, prospective motor infor- 
mation is necessary to generate delay-period activity that encodes 
saccade information in the DLPFC. 

In this sense, the MD can be considered a candidate of brain 
structures that provide information regarding prospective motor 
information to the DLPFC. In the MD, a majority of neurons 
with delay-period activity encoded saccade information (Dsac 
and DsacRsac). Therefore, these MD neurons might be candidates 
as sources for providing prospective saccade information to the 



DLPFC (Figure 4). To support this idea, we need further studies 
to show neural interactions between the DLPFC and the MD. 
For example, we need to examine whether DLPFC neurons with 
Dsac activity have direct interactions with MD neurons with Dsac 
or DsacRsac activities, whether MD neurons having pre-saccadic 
activity provide saccade information to DLPFC neurons with 
Dsac, DsacRsac, or Rsac activities, or whether MD neurons having 
saccade-related activities are the source of post-saccadic activity 
observed in many DLPFC neurons. Neurophysiological studies, 
such as which task-related MD neurons exhibit antidromic or 
authodromic responses by electrical stimulations in the DLPFC, 
could provide important information to interpret functional 
interactions between the MD and the DLPFC and construct more 
realistic neural circuitry for these interactions than that shown in 
Figure 4. 

Although the MD is one important brain structure for pro- 
viding prospective motor information to the DLPFC, other brain 
structures including the FEF, the supplementary eye field, the pos- 
terior parietal cortex are also needed to be considered as strong 
candidates for providing prospective motor information to the 
DLPFC (Figure 4) . We need further experiments to elucidate what 
information is provided from these brain structures in working 
memory processes. 

INVOLVEMENT OF OTHER THALAMIC NUCLEI IN WORKING 
MEMORY 

Although the MD is one brain structure for providing prospective 
motor information to the DLPFC, other nuclei of the thalamus 
may also involve this process in working memory. For example, 
ventrolateral (VL) and ventroanterior (VA) thalamic neurons 
exhibit saccade-related activities and some of these neurons 
exhibited gradually increasing activities toward the initiation of 
the saccade (Schlag-Rey and Schlag, 1984). Tanaka (2007) also 
reported gradually increasing activity during the delay period of 
a memory-guided saccade task in the VL. Wyder et al. (2004) 
showed activities carrying spatial information throughout the 
instructed delay period of a visually guided delayed saccade task in 
the central thalamus. They observed two groups of delay-period 
activities in the central thalamus (VA and VL). One group of 
activity signaled the location of visible visual targets regardless 
of behavioral relevance, while other groups of activity signaled 
the locations of current goals of saccade. These activities are 
similar as retrospective and prospective activities observed in the 
DLPFC (Funahashi et al, 1993; Takeda and Funahashi, 2002) and 
the MD (Watanabe and Funahashi, 2004b), respectively. Recently, 
Kunimatsu and Tanaka (2010) examined saccade-related activi- 
ties while monkeys performed either pro- or anti-saccade tasks 
and showed that activities of many VL and VA neurons were 
enhanced during the anti-saccade condition compared to the 
pre-saccade condition. In addition, inactivation of VL and VA 
nuclei by the local injection of muscimol produced an increase 
of error trials in the anti-saccade condition. In the anti-saccade 
condition, monkeys needed to maintain information regarding 
the location of the visual cue, but suppress an inherent response 
toward the visual cue. Therefore, enhanced prospective motor 
activity must be necessary to perform correct saccade responses 
by suppressing inherent reflexive responses. In human studies, 
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FIGURE 4 | Schematic drawing of information flow during delayed-response performance and possible interactions between DLPFC and MD neurons 
based on the characteristics of task-related activities of these neurons. 



Bellebaum et al. (2005) showed that patients having VL and MD 
lesions exhibited impairment in performing a double-step saccade 
task. Since two targets were presented successively in this task, the 
retinal direction of the second target and the saccade direction 
of the second saccade were different. Therefore, the subjects 
could not use retinal information, but needed to use corollary 
discharge in order to perform the second saccade correctly. Their 
results indicate that the VL and MD participate in the processing 
of corollary discharge information, as had been indicated by 
Sommer and Wurtz (2002, 2004). 

Thus, other nuclei of the central thalamus, such as the 
VA and the VL, also Participate in working memory pro- 
cesses. The VL and the VA have been shown to project to 
the DLPFC (Alexander et al, 1986; Middleton and Strick, 2001; 
McFarland and Haber, 2002). Therefore, the VL and the VA are 
also possible brain structures for providing prospective motor 
information to the DLPFC. 

CONCLUSION 

Working memory is a dynamic neural system that includes pro- 
cesses for temporarily maintaining and processing information. 
Working memory plays significant roles in a variety of cognitive 
functions, such as thinking, reasoning, decision-making, and 
language comprehension. Although the PFC has been known 



to play an important role in working memory, several lines 
of evidence indicate that the thalamic MD also participates 
in this process. Neurophysiological studies revealed that MD 
neurons exhibit directionally selective sustained delay-period 
activity while monkeys performed spatial working memory tasks. 
Sustained delay-period activity has been considered to be a neural 
correlate of the mechanism for the temporary maintenance of 
information. These studies also showed that most MD neurons 
that exhibit delay-period activity hold information regarding a 
motor response (prospective information), whereas a minority 
hold information regarding sensory cues (retrospective infor- 
mation). These observations suggest that the MD participates 
more in prospective motor aspects of working memory processes, 
in contrast to the PFC, which participates more in retrospec- 
tive aspects such as the maintenance of sensory information. 
While monkeys perform spatial working memory tasks, spa- 
tial information provided by a visual cue must be transformed 
into motor information to perform an appropriate behavioral 
response. Both the MD and the PFC contain neurons that hold 
information regarding retrospective and prospective information, 
although the proportions of neurons that represent retrospective 
or prospective information are different between these two areas. 
In addition, the MD has strong reciprocal connections with the 
PFC. Therefore, these reciprocal connections between the MD 
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and the PFC could play an important role in the transforma- 
tion of retrospective information into prospective information 
in spatial working memory processes. A population analysis of 
neural activities revealed that the transformation of sensory-to- 
motor information occurred during the delay period in both 
the PFC and the MD. This analysis showed that population 
activities in the PFC hold spatial information until the late 
phase of the delay period and then gradually represent motor 
information, while population activities in the MD initially rep- 
resent spatial information but then start representing motor 
information in the earlier phase of the delay period. These 



results indicate that reverberating neural circuits constructed by 
reciprocal connections between the MD and the PFC could be 
an important structure for transforming retrospective informa- 
tion into prospective information in spatial working memory 
processes. 

ACKNOWLEDGMENTS 

This work was supported by Grants-in-Aid for Scientific Research 
from the Japanese Ministry of Education, Science, Sports, Culture, 
and Technology (MEXT) (18020016, 21240024, and 25240021) 
toSF. 



REFERENCES 

Aggleton, J. P., and Mishkin, M. 
(1983a). Memory impairments 
following restricted medial tha- 
lamic lesions in monkeys. Exp. 
Brain Res. 52, 199-209. doi: 
10.1007/bf00236628 

Aggleton, J. P., and Mishkin, M. 
(1983b). Visual recognition 
impairment following medial 
thalamic lesions in monkeys. Neu- 
ropsychologia 21, 189-197. doi: 
10.1016/0028-3932(83)90037-4 

Alexander, G. E., and Fuster, J. M. 

(1973) . Effects of cooling pre- 
frontal cortex on cell firing in the 
nucleus medialis dorsalis. Brain 
Res. 61, 93-105. doi: 10.1016/0006- 
8993(73)90518-0 

Alexander, G. E., DeLong, M. R., 
and Strick, P. L. (1986). Par- 
allel organization of function- 
ally segregated circuits linking 
basal ganglia and cortex. Annu. 
Rev. Neurosci. 9, 357-381. doi: 
10. 1 146/annurev.neuro.9. 1.357 

Asaad, W. E, Rainer, G., and Miller, 
E. K. (1998). Neural activity in 
the primate prefrontal cortex dur- 
ing associative learning. Neuron 
21, 1399-1407. doi: 10.1016/s0896- 
6273(00)80658-3 

Baddeley, A. (2000). The episodic 
buffer: a new component of work- 
ing memory? Trends Cogn. Sci. 
4, 417-423. doi: 10.1016/sl364- 
6613(00)01538-2 

Baddeley, A. D., and Hitch, G. J. L. 

(1974) . "Working memory," in The 
Psychology of Learning and Moti- 
vation: Advances in Research and 
Theory, Vol. 8, ed G. A. Bower 
(New York, NY: Academic Press), 
47-89. 

Bellebaum, C., Daum, I., Koch, B., 
Schwarz, M., and Hoffmann, K.-P. 
(2005). The role of the human tha- 
lamus in processing corollary dis- 
charge. Brain 128, 1139-1154. doi: 
10.1093/brain/awh474 

Carlson, S., Rama, P., Tanila, H., Lin- 
nankoski, I., and Mansikka, H. 
(1997). Dissociation of mnemonic 



coding and other functional neu- 
ronal processing in the monkey pre- 
frontal cortex. /. Neurophysiol. 77, 
761-774. 

Chafee, M. V, and Goldman- Rakic, 
P. S. (1998). Matching patterns of 
activity in primate prefrontal area 8a 
and parietal area 7ip neurons dur- 
ing a spatial working memory task. 
/. Neurophysiol. 79, 2919-2940. 

Constantinidis, C., Franowicz, M. N., 
and Goldman-Rakic, P. S. (2001). 
Coding specificity in cortical micro- 
circuits: a multiple-electrode analy- 
sis of primate prefrontal cortex. /. 
Neurosci. 21,3646-3655. 

Daum, I., and Ackermann, H. (1994). 
Frontal-type memory impairment 
associated with thalamic damage. 
Int. J. Neurosci. 77, 187-198. doi: 
10.3109/00207459408986030 

de Zubicaray, G. I., McMahon, K., 
Wilson, S. J., and Muthiah, S. 
(2001). Brain activity during the 
encoding, retention, and retrieval 
of stimulus representations. Learn. 
Mem. 8, 243-251. doi: 10.1101/lm. 
40301 

Elliott, R., and Dolan, R. J. (1999). 
Differential neural responses dur- 
ing performance of matching and 
nonmatching to sample tasks at 
two delay intervals. /. Neurosci. 19, 
5066-5073. 

Freedman, D. J., Riesenhuber, M., 
Poggio, T, and Miller, E. K. (2002). 
Visual categorization and the 
primate prefrontal cortex: neu- 
rophysiology and behavior. /. 
Neurophysiol. 88, 929-94 1 . doi: 
10.1152/jn.00040.2002 

Funahashi, S. (2001). Neuronal mech- 
anisms of executive control by 
the prefrontal cortex. Neurosci. Res. 
39, 147-165. doi: 10.1016/s0168- 
0102(00)00224-8 

Funahashi, S., and Inoue, M. (2000). 
Neuronal interactions related to 
working memory processes in the 
primate prefrontal cortex revealed 
by cross-correlation analysis. 
Cereb. Cortex 10, 535-551. doi: 
10.1093/cercor/10.6.535 



Funahashi, S., and Kubota, K. (1994). 
Working memory and prefrontal 
cortex. Neurosci. Res. 21, 1-11. doi: 
10.1016/0168-0102(94)90063-9 

Funahashi, S., and Takeda, K. (2002). 
Information processes in the pri- 
mate prefrontal cortex in rela- 
tion to working memory processes. 
Rev. Neurosci. 13, 313-345. doi: 
10.1515/revneuro.2002.13.4.313 

Funahashi, S., Bruce, C. J., and 
Goldman-Rakic, P. S. (1989). 
Mnemonic coding of visual space in 
the monkey's dorsolateral prefrontal 
cortex./. Neurophysiol. 61, 331-349. 

Funahashi, S., Bruce, C. J., and 
Goldman-Rakic, P. S. (1990). 
Visuospatial coding in primate 
prefrontal neurons revealed by ocu- 
lomotor paradigms. /. Neurophysiol. 
63,814-831. 

Funahashi, S., Bruce, C. J., and 
Goldman-Rakic, P. S. (1991). Neu- 
ronal activity related to saccadic 
eye movements in the monkey's 
dorsolateral prefrontal cortex. /. 
Neurophysiol. 65, 1464-1483. 

Funahashi, S., Chafee, M. V, and 
Goldman-Rakic, P. S. (1993). Pre- 
frontal neuronal activity in rhesus 
monkeys performing a delayed anti- 
saccade task. Nature 365, 753-756. 
doi: 10.1038/365753a0 

Fuster, J. M. (1973). Unit activity in 
prefrontal cortex during delayed- 
response performance: neuronal 
correlates of transient memory. /. 
Neurophysiol. 36, 61-78. 

Fuster, J. M. (2008). The Prefrontal Cor- 
tex. 4th Edn. New York: Academic 
Press. 

Fuster, J. M., and Alexander, G. E. 
(1971). Neuron activity related to 
short-term memory. Science 173, 
652-654. doi: 10.1126/science.l73. 
3997.652 

Fuster, J. M., and Alexander, G. E. 
(1973). Firing changes in cells 
of the nucleus medialis dorsalis 
associated with delayed response 
behavior. Brain Res. 61, 79- 
91. doi: 10.1016/0006-8993(73) 
90517-9 



Fuster, J. M., and Jervey, J. P. (1982). 
Neuronal firing in the inferotem- 
poral cortex of the monkey in a 
visual memory task. /. Neurosci. 2, 
361-375. 

Giguere, M., and Goldman-Rakic, P. S. 
(1988). Mediodorsal nucleus: areal, 
laminar, and tangential distribution 
of afferents and efferents in the 
frontal lobe of rhesus monkeys. /. 
Comp. Neurol. 277, 195-213. doi: 
10.1002/cne.902770204 

Gnadt, J. W, and Andersen, R. A. 
(1988). Memory related motor 
planning activity in posterior pari- 
etal cortex of macaque. Exp. Brain 
Res. 70, 216-220. doi: 10.1007/ 
BF00271862 

Goldman-Rakic, P. S. (1987). "Circuitry 
of primate prefrontal cortex and 
regulation of behavior by repre- 
sentational memory," in Handbook 
of Physiology: The Nervous System: 
Higher Functions of the Brain, Vol. 
5, Sect. 1, ed F. Plum (Bethesda, 
MD: American Physiological Soci- 
ety), 373-417. 

Goldman-Rakic, P. S. (1998). "The pre- 
frontal landscape: implications of 
functional architecture for under- 
standing human mentation and 
the central executive," in The Pre- 
frontal Cortex: Executive and Cog- 
nitive Functions, eds A. C. Roberts, 
T. W. Robbins, and L. Weiskrantz 
(Oxford, UK: Oxford University 
Press), 87-102. 

Goldman-Rakic, P. S., and Por- 
rino, L. J. (1985). The primate 
mediodorsal (MD) nucleus and its 
projection to the frontal lobe. /. 
Comp. Neurol. 242, 535-560. doi: 
10.1002/cne.902420406 

Hasegawa, R., Matsumoto, M., and 
Mikami, A. (1998). Search target 
selection in monkey prefrontal cor- 
tex. /. Neurophysiol. 84, 1692-1696. 

Hikosaka, K., and Watanabe, M. (2000). 
Delay activity of orbital and lat- 
eral prefrontal neurons of the mon- 
key varying with different rewards. 
Cereb. Cortex 10, 263-271. doi: 
10.1093/cercor/10.3.263 



Frontiers in Systems Neuroscience 



www.f ro ntiersin.org 



July 2013 | Volume 7 | Article 36 | 11 



Funahashi 



Mediodorsal nucleus and working memory 



Hikosaka, O., and Sakamoto, M. 
(1986). Cell activity in monkey 
caudate nucleus preceding saccadic 
eye movements. Exp. Brain Res. 63, 
659-662. doi: 10.1007/bf00237489 

Hikosaka, O., and Wurtz, R. H. (1983). 
Visual and oculomotor functions 
of monkey substantia nigra pars 
reticulata. III. Memory- contingent 
visual and saccade responses. /. Neu- 
rophysiol. 49, 1268-1284. 

Hikosaka, O., Sakamoto, M., and Usui, 
S. (1989). Functional properties 
of monkey caudate neurons. I. 
Activities related to saccadic eye 
movements. /. Neurophysiol. 61, 
780-798. 

Hikosaka, O., Takikawa, Y., and Kawa- 
goe, R. (2000). Role of the basal gan- 
glia in the control of purposive sac- 
cadic eye movements. Physiol Rev. 
80, 953-978. 

Ilinsky, I. A., Jouandet, M. L., and 
Goldman-Rakic, P. S. (1985). Orga- 
nization of the nigrothalamocorti- 
cal system in the rhesus monkey. 
/. Comp. Neurol. 236, 315-330. doi: 
10.1002/cne.902360304 

Isseroff, A., Rosvold, H. E., Galkin, 
T. W., and Goldman-Rakic, R S. 
(1982). Spatial memory impair- 
ments following damage to the 
mediodorsal nucleus of the tha- 
lamus in rhesus monkeys. Brain 
Res. 232, 97-1 13. doi: 10.1016/0006- 
8993(82)90613-8 

Joseph, J. P., and Barone, P. (1987). Pre- 
frontal unit activity during a delayed 
oculomotor task in the monkey. 
Exp. Brain Res. 67, 460-468. doi: 
10.1007/bf00247279 

Kievit, J., and Kuypers, H. G. J. 
M. (1977). Organization of the 
thalamo- cortical connexions to the 
frontal lobe in the rhesus monkey. 
Exp. Brain Res. 29, 299-322. doi: 
10.1007/bf00236173 

Kobayashi, S., Lauwereyns, J., Koizumi, 
M., Sakagami, M., and Hikosaka, O. 
(2002). Influence of reward expec- 
tation on visuospatial processing in 
macaque lateral prefrontal cortex. /. 
Neurophysiol. 87, 1488-1498. 

Kojima, S., and Goldman-Rakic, P. 
S. (1984). Functional analysis of 
spatially discriminative neurons 
in prefrontal cortex of rhesus 
monkey. Brain Res. 291, 229- 
240. doi: 10.1016/0006-8993(84) 
91255-1 

Kubota, K., Niki, H., and Goto, A. 
(1972). Thalamic unit activity and 
delayed alternation performance in 
the monkey. Acta Neurobiol. Exp. 32, 
177-192. 

Kunimatsu, J., and Tanaka, M. (2010). 
Role of the primate motor thalamus 
in the generation of antisaccades. 



/. Neurosci. 30, 5108-5117. doi: 
10.1523/jneurosci.0406-10.2010 

McFarland, N. R., and Haber, S. 
N. (2002). Thalamic relay nuclei 
of the basal ganglia form both 
reciprocal and nonreciprocal cor- 
tical connections, linking multiple 
frontal cortical areas. /. Neurosci. 22, 
8117-8132. 

Middleton, F. A., and Strick, P. L. 
(2001). Cerebellar projections to the 
prefrontal cortex of the primate. /. 
Neurosci. 21,700-712. 

Miller, E. K. (2000). The prefrontal 
cortex and cognitive control. 
Nat. Rev. Neurosci. 1, 59-65. doi: 
10.1038/35036228 

Miller, E. K., Erickson, C. A., and Des- 
imone, R. (1996). Neural mecha- 
nisms of visual working memory in 
prefrontal cortex of the macaque. /. 
Neurosci. 16,5154-5167. 

Miller, E. K., Li, L., and Desimone, 
R. (1991). A neural mechanism for 
working and recognition memory 
in inferior temporal cortex. Science 
254, 1377-1379. doi: 10.1126/sci- 
ence. 1962 197 

Miller, E. K., Li, L., and Desimone, R. 
(1993). Activity of neurons in ante- 
rior inferior temporal cortex during 
a short-term memory task. /. Neu- 
rosci 13, 1460-1478. 

Monchi, O., Petrides, M., Petre, V., 
Worsley, K., and Dagher, A. (2001). 
Wisconsin card sorting revisited: 
distinct neural circuits participat- 
ing in different stages of the task 
identified by event- related func- 
tional magnetic resonance imaging. 
J. Neurosci. 21, 7733-7741. 

Niki, H. (1974). Differential activity of 
prefrontal units during right and 
left delayed response trials. Brain 
Res. 70, 346-349. doi: 10.1016/0006- 
8993(74)90324-2 

Niki, H., and Watanabe, M. (1976). 
Prefrontal unit activity and delayed 
response: relation to cue location 
versus direction of response. Brain 
Res. 105, 79-88. doi: 10.1016/0006- 
8993(76)90924-0 

Parker, A., Eacott, M. J., and Gaffan, 
D. (1997). The recognition mem- 
ory deficit caused by mediodor- 
sal thalamic lesion in non-human 
primates: a comparison with rhi- 
nal cortex lesion. Eur. J. Neurosci. 
9, 2423-2431. doi: 10.1111/j.l460- 
9568.1997.tb01659.x 

Parnaudeau, S., O'Neill, P.-K., Bolkan, 
S. S„ Ward, R. D., Abbas, A. I., 
Roth, B. L., et al. (2013). Inhibi- 
tion of mediodorsal thalamus dis- 
rupts thalamo frontal connectivity 
and cognition. Neuron 77, 1151- 
1162. doi: 10.1016/j.neuron.2013. 
01.038 



Petrides, M. (1994). "Frontal lobes and 
working memory: evidence from 
investigations of the effects of cor- 
tical excisions in nonhuman pri- 
mates," in Handbook of Neuropsy- 
chology, Vol. 9, eds F. Boiler, and 
J. Grafman (Amsterdam: Elsevier) 
59-82. 

Quintana, J., and Fuster, J. M. (1999). 
From perception to action: tem- 
poral integrative functions of pre- 
frontal and parietal neurons. Cereb. 
Cortex9, 213-221. doi: 10.1093/cer- 
cor/9. 3.213 

Rainer, G., Asaad, W. E, and Miller, 
E. K. (1998). Memory fields of 
neurons in the primate pre- 
frontal cortex. Proc. Natl. Acad. 
Sci. U S A 95, 15008-15013. doi: 
10.1073/pnas.95.25.15008 

Rainer, G., Rao, S. C, and Miller, E. 
K. (1999). Prospective coding for 
objects in primate prefrontal cortex. 
/. Neurosci. 19, 5493-5505. 

Rao, S. C, Rainer, G., and Miller, 
E. K. (1997). Integration of what 
and where in the primate prefrontal 
cortex. Science 276, 821-824. doi: 
10.1126/science.276.5313.821 

Rao, S. G., Williams, G. V., and 
Goldman-Rakic, P. S. (1999). 
Isodirectional tuning of adjacent 
interneurons and pyramidal cells 
during working memory: evidence 
for microcolumnar organization in 
PFC./. Neurophysiol 81, 1903-1916. 

Ray, J. P., and Price, J. L. (1993). The 
organization of projections from the 
mediodorsal nucleus of the thala- 
mus to orbital and medial pre- 
frontal cortex in macaque monkeys. 
/. Comp. Neurol. 337, 1-31. doi: 
10.1002/cne.903370102 

Romo, R., Brody, C. D., Hernandez, A., 
and Lemus,L. (1999). Neuronal cor- 
relates of parametric working mem- 
ory in the prefrontal cortex. Nature 
399,470-473. doi: 10.1038/20939 

Rovo, Z., Ulbert, I., and Acsady, L. 
(2012). Drivers of the primate tha- 
lamus. /. Neurosci. 32, 17894-17908. 
doi: 10.1523/jneurosci.2815-12.2012 

Sakagami, M., and Niki, H. (1994). 
Encoding of behavioral significance 
of visual stimuli by primate pre- 
frontal neurons: relation to relevant 
task conditions. Exp. Brain Res. 97, 
423-436. doi: 10.1007/bf00241536 

Sakagami, M., and Tsutsui, K. (1999). 
The hierarchical organization of 
decision making in the primate 
prefrontal cortex. Neurosci. Res. 
34, 79-89. doi: 10.1016/s0168- 
0102(99)00038-3 

Sawaguchi, T., and Yamane, I. (1999). 
Properties of delay-period neuronal 
activity in the monkey dorsolateral 
prefrontal cortex during a spatial 



delayed matching-to-sample task. /. 
Neurophysiol 82, 2070-2080. 

Schlag-Rey, M., and Schlag, J. (1984). 
Visuomotor functions of central 
thalamus in monkey. I. Unit activ- 
ity related to spontaneous eye 
movements. /. Neurophysiol 51, 
1149-1174. 

Selemon, L. D., and Goldman-Rakic, 
P. S. (1988). Common cortical and 
subcortical targets of the dorsolat- 
eral prefrontal and posterior pari- 
etal cortices in the rhesus monkey: 
evidence for a distributed neural 
network subserving spatially guided 
behavior. /. Neurosci. 8, 4049-4068. 

Sherman, S. M., and Guillery, R. W. 
(2006). Exploring the Thalamus and 
Its Role in Cortical Function. 2nd 
Edn. Cambridge, MA: The MIT 
Press. 

Sommer, M. A, and Wurtz, R. H. 
(2002). A pathway in primate brain 
for internal monitoring of move- 
ments. Science 296, 1480-1482. doi: 
10.1126/science.l069590 

Sommer, M. A., and Wurtz, R. H. 
(2004). What the brain stem tells the 
frontal cortex. I. Oculomotor sig- 
nals sent from superior colliculus 
to frontal eye field via mediodorsal 
thalamus./. Neurophysiol 91, 1381- 
1402. doi: 10.1152/jn.00738.2003 

Stuss, D. T., and Benson, D. F. (1986). 
The Frontal Lobes. New York, NY: 
Raven Press. 

Stuss, D. T, and Knight, R. T. (2012). 
Principles of Frontal Lobe Function. 
New York, NY: Oxford University 
Press. 

Stuss, D. X, and Levine, B. (2002). 
Adult clinical neuropsychology: 
lessons from studies of the frontal 
lobes. Annu. Rev. Psychol. 53, 401- 
433. doi: 10.1146/annurev.psych.53. 
100901.135220 

Stuss, R. T, Alexander, M. P., Flo- 
den, D., Binns, M. A., Levine, B., 
Mcintosh, A. R., et al. (2002). 
"Fractionation and localization 
of distinct frontal lobe processes: 
evidence from focal lesions in 
humans," in Principles of Frontal 
Lobe Function, eds D. T. Stuss, and 
R. T. Knight (New York, NY: Oxford 
University Press), 392-407. 

Takeda, K., and Funahashi, S. (2002). 
Prefrontal task-related activity rep- 
resenting visual cue location or sac- 
cade direction in spatial working 
memory tasks. /. Neurophysiol 87, 
567-588. 

Takeda, K., and Funahashi, S. (2004). 
Population vector analysis of pri- 
mate prefrontal activity during spa- 
tial working memory. Cereb. Cor- 
tex 14, 1328-1339. doi: 10.1093/cer- 
cor/bhh093 



Frontiers in Systems Neuroscience 



www.f ro ntiersin.org 



July 2013 | Volume 7 | Article 36 | 12 



Funahashi 



Mediodorsal nucleus and working memory 



Takeda, K., and Funahashi, S. (2007). 
Relationship between prefrontal 
task-related activity and informa- 
tion flow during spatial working 
memory performance. Cortex 
43, 38-52. doi: 10.1016/s0010- 
9452(08)70444-1 

Tanaka, M. (2007). Cognitive sig- 
nals in the primate motor tha- 
lamus predict saccade timing. /. 
Neurosci. 27, 12109-12118. doi: 
10.1523/jneurosci.l873-07.2007 

Tanibuchi, I., and Goldman- Rakic, P. 
S. (2003). Dissociation of spatial-, 
object-, and sound-coding neu- 
rons in the mediodorsal nucleus 
of the primate thalamus. /. Neu- 
wphysiol. 89, 1067-1077. doi: 
10.1152/jn.00207.2002 

Tsujimoto, S., Genovesio, A., and 
Wise, S. P. (2008). Transient neu- 
ronal correlations underlying goal 
selection and maintenance in pre- 
frontal cortex. Cereb. Cortex 18, 
2748-2761. doi: 10.1093/cercor/ 
bhn033 

Vaadia, E., Haalman, I., Abeles, M., 
Bergman, H., Prut, Y., Slovin, 
H., et al. (1995). Dynamics of 
neuronal interactions in monkey 
cortex in relation to behavioural 
events. Nature 373, 515-518. doi: 
10.1038/373515a0 

Van der Werf, Y. D., Scheltens, P., Lin- 
deboom, J., Witter, M. P., Uylings, 
H. B. M., and Jolles, J. (2003). 



Deficits of memory, executive 
functioning and attention follow- 
ing infarction in the thalamus; a 
study of 22 cases with localised 
lesions. Neuropsychologia 41, 1330- 
1344. doi: 10.1016/s0028-3932(03) 
00059-9 

Van der Werf, Y. D., Witter, M. P., 
Uylings, H. B. M., and Jolles, 
J. (2000). Neuropsychology of 
infarctions in the thalamus: a 
review. Neuropsychologia 38, 613- 
627. doi: 10.1016/s0028-3932(99) 
00104-9 

Wallis, J. D., and Miller, E. K. (2003). 
Neuronal activity in primate dor- 
solateral and orbital prefrontal cor- 
tex during performance of a reward 
preference task. Eur. J. Neurosci. 
18, 2069-2081. doi: 10.1046/j.l460- 
9568.2003.02922.x 

Watanabe, M. ( 1 996) . Reward 
expectancy in primate prefrontal 
neurons. Nature 382, 629-632. doi: 
10.1038/382629a0 

Watanabe, Y, and Funahashi, S. 
(2004a). Neuronal activity through- 
out the primate mediodorsal 
nucleus of the thalamus during 
oculomotor delayed-responses. 
I. Cue-, delay-, and response- 
period activity. /. Neurophysiol. 92, 
1738-1755. doi: 10.1152/jn.00994. 
2003 

Watanabe, Y, and Funahashi, S. 
(2004b). Neuronal activity through- 



out the primate mediodorsal 
nucleus of the thalamus during 
oculomotor delayed-responses. II. 
Activity encoding visual versus 
motor signal. /. Neurophysiol. 92, 
1756-1769. doi: 10.1 152/jn.00995. 
2003 

Watanabe, Y, Takeda, K., and Funa- 
hashi, S. (2009). Population vec- 
tor analysis of primate mediodorsal 
thalamic activity during oculomo- 
tor delayed-response performance. 
Cereb. Cortex 19, 1313-1321. doi: 
10.1093/cercor/bhnl70 

Wilson, F. A. W., Scalaidhe, O. S. P., and 
Goldman-Rakic, P. S. (1994). Func- 
tional synergism between putative 
gamma- aminobutyrate-containing 
neurons and pyramidal neurons 
in prefrontal cortex. Proc. Natl. 
Acad. Sci. USA91, 4009-4013. doi: 
10.1073/pnas.91.9.4009 

Wyder, M. T., Massoglia, D. P., and 
Stanford, T. R. (2004). Con- 
textual modulation of central 
thalamic delay-period activity: 
representation of visual and sac- 
cadic goals. /. Neurophysiol. 91, 
2628-2648. doi: 10.1152/jn.01221. 
2003 

Zola- Morgan, S., and Squire, L. R. 
(1985). Amnesia in monkeys 
after lesions of the mediodorsal 
nucleus of the thalamus. Ann. 
Neurol. 17, 558-564. doi: 10.1002/ 
ana.410170605 



Zoppelt, D., Koch, B., Schwarz, M., 
and Daum, I. (2003). Involvement 
of the mediodorsal thalamic nucleus 
in mediating recollection and famil- 
iarity. Neuropsychologia 41, 1 160— 
1170. doi: 10.1016/s0028-3932(03) 
00019-8 

Conflict of Interest Statement: The 

authors declare that the research was 
conducted in the absence of any com- 
mercial or financial relationships that 
could be construed as a potential con- 
flict of interest. 

Received: 07 May 2013; accepted: 13 July 
2013; published online: 31 July 2013. 
Citation: Funahashi S (2013) Thala- 
mic mediodorsal nucleus and its par- 
ticipation in spatial working memory 
processes: comparison with the pre- 
frontal cortex. Front. Syst. Neurosci. 7:36. 
doi:10.3389/fnsys.2013.00036 
Copyright © 2013 Funahashi. This is 
an open-access article distributed under 
the terms of the Creative Commons 
Attribution License ( CC BY). The use, 
distribution or reproduction in other 
forums is permitted, provided the origi- 
nal author(s) or licensor are credited and 
thatthe original publication in this jour- 
nal is cited, in accordance with accepted 
academic practice. No use, distribution 
or reproduction is permitted which does 
not comply with these terms. 



Frontiers in Systems Neuroscience 



www.f ro ntiersin.org 



July 2013 | Volume 7 | Article 36 | 13 



